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We analyze the lineshape of the quasiparticle photoluminescence of monolayer and bilayer molyb-
denum ditelluride in temperature- and excitation intensity-dependent experiments. We confirm the
existence of a negatively charged trion in the bilayer based on its emission characteristics and find
hints for a coexistence of intra- and interlayer trions with a few meV splitting in energy. From the
lineshape analysis of exciton and trion emission we extract values for exciton and trion deformation
potentials as well as acoustical and optical phonon-limited mobilities in MoTe2, with the mobilities
showing the highest values so far reported for transition metal dichalcogenides.
The growing demand for touchable and wearable elec-
tronic devices has sparked a great amount of research ac-
tivity in the direction of flat and flexible electronically ac-
tive materials. The most prominent example is the two-
dimensional (2D) material graphene, which is nowadays
readily manufactured and features a high carrier mobility
[1, 2] as an essential prerequisite for efficiently function-
ing devices. A drawback of graphene, however, is the lack
of a finite direct bandgap, which limits its applicability in
opto-electronics. Black phosphorous is another 2D ma-
terial, which displays a high carrier mobility [3] and a
direct bandgap tunable by layer thickness, but it is un-
stable and poisonous. Transition metal dichalcogenides
(TMDCs) are graphene-like 2D materials, for which a fi-
nite direct bandgap emerges in the limit of a monolayer
(ML). They are relatively robust and show promising re-
sults in experiments aimed at growing them in scalable
processes like chemical vapor deposition [4]. Carrier mo-
bility in TMDCs, however, is an issue that needs to be
addressed, as the amount of research in this direction is
limited, and the existing results point at possible difficul-
ties to be overcome. For molybdenum disulfide (MoS2)
a carrier mobility of 200-400 cm2/Vs has been reported
[5], which clearly does not meet the requirements for real
world applications. Apart from MoS2, emitting in the
visible spectral range [6], there is a large TMDC family,
in which the combination of molybdenum with a chalco-
genide generally yields a bright exciton as the lowest en-
ergy excitonic level. Except for MoS2, the carrier mobil-
ity has not been determined quantitatively. In particu-
lar molybdenum ditelluride (MoTe2), which emits in the
technologically relevant near infrared wavelength region
[7, 8], is a promising candidate for opto-electronic de-
vices due to a high calculated (acoustic phonon limited)
electron mobility of 2500 (10.000) cm2/Vs [9, 10].
In this contribution, we study the photoluminescence
(PL) of neutral excitons (X0) and charged excitons (tri-
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FIG. 1. (color online) Normalized PL spectra and Gaussian
FWHM (ΓG) for ML (a) and BL (b) exciton (X
0) and trion
(XT ). (Inset) Schematics of the ML and BL K/K′ valleys
plus possible excitonic and trionic states. J ′eh denotes the
exchange interaction energy between the excess electron and
the electron-hole pair.
ons, XT ) in MoTe2, and analyze the observed lineshape.
We obtain exciton relaxation times as well as phonon
coupling parameters and acoustical and optical phonon-
limited quasiparticle mobilities. The investigations are
carried out for ML as well as for bilayer (BL) MoTe2, as
the peculiar band structure of this material leads to the
same band alignment in ML and BL [8]. The MoTe2 BL
displays a bright emission twice as intense as the ML. In
particular, this greatly facilitates the study of the trion,
which has been so far quantitatively analyzed only in ML
TMDCs [11, 12], largely due to the BL of most TMDCs
being dark due to the indirect bandgap.
We analyze the PL of a mechanically exfoliated flake
of 2H MoTe2 on a Si/SiO2 (80 nm) substrate with well
separated ML and BL. For experimental details we refer
to the SI. PL spectra for ML and BL MoTe2 for a temper-
ature of 10 K, and an excitation intensity of 35 W/cm2
are shown in Fig. 1. To clearly display the lineshape of
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2in particular the low energy peak, the spectra have been
corrected for an impurity peak on the red side, for raw
data and details of the correction procedure please refere
to the SI. We tentatively denote the lower energy peak
as the ”trion” peak. Though the existence of a trion in
the MoTe2 BL has not yet been fully convincingly es-
tablished in the literature, we will show that the feature
observed by us behaves in accordance with assuming a
negatively charged trion nature. The excitonic emission
of ML and BL is well described by fitting with set of
two Voigtian functions for exciton and trion. From the
fits, we determine the central energies extrapolated to
zero temperature of the ML excitonic (X0ML) and trionic
(XTML) peaks as 1.189 eV and 1.165 eV, respectively, re-
sulting in a binding energy Ebind of (24.9±0.1) meV. The
BL also displays two well-resolved peaks extrapolated to
1.155 eV and 1.136 eV, which we relate to the exciton
(X0BL) and the trion (X
T
BL), respectively. The BL shows
a smaller trion binding energy of (19.1 ± 0.1) meV due
to a increased screening of the e-h interaction with in-
creasing thickness. Our observed values for peaks and
binding energies for ML and BL at low temperature are
consistent with previous studies [8, 11, 13–15].
Under non-resonant excitation the trion formation is
governed by excitons capturing extra electrons from the
two dimensional free electron gas of low density [16, 17],
and its probability thus scales inversely proportional to
the excitation density. From PL measurements using the
Ti:Sa laser in the mode-locked regime, we extract abso-
lute numbers for the excitation density n, see SI. With
this number quantitatively specified, the exciton-trion
equilibrium can be analyzed using the mass action law.
References 16–20 predict a dependence on the tempera-
ture T and the excitation density n in the equilibrium
state of the exciton to trion intensity ratio according to
the mass action law of
IX0
IXT
= I0 +
τXT
τX0
geffe
−Ebind/kBT kBTMXT
pi~2n
. (1)
Here I0 is the exciton to trion intensity ratio at zero
Kelvin, τXT /τX0 is the lifetime ratio of trion to exciton
[21]. geff = g
2
egX0/gXT = 4 is the effective spin degener-
acy factor, for electrons ge, excitons gX0 , and trions ggT
all equal two, assuming a non-degenerate regime [18]. kB
is the Boltzmann constant, MXT = 0.66 me is the mass
ratio of exciton to trion [22]. We plot the excitation-
density and temperature-dependent ratio for n between
6 · 1010 and 2 · 1012 cm−2 in Fig. 2 a) and temperatures
between 5 K and 60 K in Fig. 2 b), and simultaneously
fit the data by eq. 1 for ML (light red squares) and BL
(gray circles). Both dependencies are well reproduced by
an exciton-trion equilibrium described by eq. 1.
From the fits, we extract values for the trion to exci-
ton radiative lifetime ratio of τMLXT /τ
ML
X0 = (6 ± 2) and
τBLXT /τ
BL
X0 = (3±1) for ML and BL, respectively, and thus
predict trion radiative lifetimes. Based on time-resolved
measurements of the radiative lifetime of the exciton in
ML and BL MoTe2 of 3 ps and 4 ps [14], we estimate the
FIG. 2. (color online) Excitation density n dependent exciton
to trion intensity ratio (a) of ML (light red squares) and BL
(gray circles). (b) Temperature dependence of ML and BL
exciton to trion intensity ratio. Both data are fitted parallel
by equation 1.
radiative lifetime of the trion to be ∼ 18 ps and ∼ 12 ps
for ML and BL MoTe2, respectively. The radiative trion
lifetime is larger than the exciton lifetime for both ML
and BL MoTe2 and corresponds to the ratio of the trion
and exciton wave functions [23]. Our values extracted for
MoTe2 agree very well with the trion and exciton radia-
tive lifetime for ML MoSe2 of 15 ps to 1.8 ps measured
with a streak camera, which yields a ratio of the radiative
lifetimes of (8± 1) [24].
As seen in Fig. 1, the lineshapes of the excitonic emis-
sion of ML (a) and BL (b) MoTe2 have a Voigtian shape,
i.e. a superposition of Gaussian and Lorentzian mod-
ifications of the emission line. A Gaussian broadening
is indicative of inhomogeneous broadening mechanisms,
as it would be the case for a randomly fluctuating local
potential, e.g. via defects. Lorentzian (lifetime) broad-
ening mechanisms are homogeneous effects, affecting the
whole exciton population equally, such as scattering with
phonons. In Fig. 1 we extract the full width at half
maximum (FWHM) of the Gaussian portion (ΓG) of the
linewidths for ML and BL at 10 K. Temperature- and
excitation intensity- depencence are summarized in the
SI. The Gaussian linewidth of the ML exciton of 7.4 meV
is comparable to literature values for non-encapsulated
MoTe2 [14] and encapsulated MoSe2 and MoS2 [25], thus
good quality samples of MoTe2 allow one to study exci-
tons without the influence of hBN. For the ML, ΓG of
exciton and trion remains very close. This indicates the
presence of only one trion species, which at low tempera-
ture is an inter-valley trion (cf. Fig. 1 a)) with the exciton
occupying the K/K’ valley and the extra electron residing
in the lowest energy level of the conduction band of the
K’/K valley [26]. For the BL in Fig. 1 b), more possible
bright trion configurations can be imagined, with the ex-
tra charge being confined to either one layer (intra-layer
trion) or two layers (inter-layer trion). Values for ΓG dif-
fer from exciton to trion by a factor of 1.5 for the BL.
As observed previously in WSe2 [26–28], spin degenerate
3FIG. 3. (color online) Lorentzian FWHM (ΓL) for ML (a) and
BL (b) excitonic (closed symbol) and trionic (open symbol)
emission versus temperature. The data are fitted by broaden-
ing equation. (c) Exciton and trion mobility and relaxation
times versus temperature for ML (light red squares) and BL
(gray circles) MoTe2.
trion states split in energy. Our observations agree with
the assumption of a split trion state in the BL with a
splitting of about J ′eh ∼3-4 meV (cf. SI for calculations).
The Lorentzian FWHM (ΓL) shown in Fig. 3 a+b)
versus temperature for all quasiparticles increases ap-
proximately linearly with temperature in agreement with
Ref. [15]. In case of the BL trion in (b) we extract the
Lorentzian FWHM assuming either one trion (open cir-
cles) or two trion states where we plot the intra-layer
trion ΓL as gray stars. For details we refer to the SI.
The slope of the linear function is associated with the
quasiparticle-acoustical phonon coupling γA,i, i = X,T
[8]. The intra-layer trions display a larger phonon cou-
pling than excitons, which is due their more extended
wavefunction and extra charge. This is also confirmed by
a vanishing of the trion emission for temperatures higher
than 60 K, whereas the exciton emission remains observ-
able up to room temperature.
As previously shown in Refs. 8 and 29, the
temperature-dependence of the homogenous linewidth
displayed in Fig. 3 a+b) is directly linked to the first
order deformation potential D2X = (De − Dh)2 of the
exciton, where De(h) is the electron (hole) deformation
potential. For an estimate of the trion deformation po-
tential we assume that it is a combination of one hole
and two electron deformation potentials DT = 2De−Dh
[30], following the argument that the trion emission is a
many body effect between excitons and free carriers [31].
Therefore, we can use a similar γA-related ansatz for the
trion deformation potential. Taking into account a thick-
ness dependence of the coupling as derived for quantum
wells in Ref. 32, the relation of exciton and trion defor-
mation potential due to acoustical phonons and linewidth
broadening is given by
3kBTMiD
2
i
4~2ρv2sL
= γA,iT, (2)
where i = X,T , ρ = 7.7 g cm−3 the density, vs the sound
velocity and L the well thickness. The exciton (trion)
mass MX = m
∗
e + m
∗
h = 1.29 me (MT = 2m
∗
e + m
∗
h =
1.93 me) [22] of ML and BL is calculated in a consistent
way from the effective electron and hole masses. The
published values for the speed of sound in MoTe2 differ
from 3.5 km/s (Ref. 33) to 5 km/s (Ref. 10) and are lim-
ited to the ML exciton. From atomic force microscope
measurements we take the layer thickness of our sample
to be 0.66 nm. We obtain upper and lower limits for DX
of 6.3 and 4.4 eV, respectively. These values are very sim-
ilar to the results obtained for MoS2 and MoSe2 by Shree
et al. in Ref. 29. We estimate upper and lower limits for
DT of 8.88 eV and 6.22 eV, respectively. From exciton
and trion deformation potentials, we can in turn estimate
the upper and lower limits of electron (hole) deformation
potentials to be De = 2.58 and 1.82 eV (Dh = −3.6 and
−2.6 eV). These results are of the same order of magni-
tude as the theoretical estimate in Refs. 9 and 10.
While the calculation of deformation potentials is com-
plicated by widely differing literature values for effective
masses and sound velocities, the acoustic-phonon limited
mobility µA can be expressed independently of these val-
ues (cf. eq. 4). By combining equations for acoustic
phonon limited mobility
µA,i =
e~3ρ2Dv2s
Mimd,ikBTD2i
, (3)
and deformation potential [9, 10, 29], and assuming that
the 2D density (ρ2D) is the bulk density times half lattice
constant c=1.39 nm [29, 34], µA,i can be estimated via
µA,i =
3e~c
8md,iL
1
γA,iT
=
e
Mi
τk,i. (4)
The mobility is directly linked to the relaxation time for
exciton and trion acoustic phonon scattering τk,i [35].
Here, e is the elementary charge and md is the quasipar-
ticle density of state mass [9]. The resulting mobilities
and relaxation times are plotted in Fig. 3 c) for exciton
and trion of the ML (light red squares) and the BL (dark
gray symbols). Note that the values for the relaxation
time differ from exciton to trions due to the varying effec-
tive quasiparticle mass Mi. The mobility scales inversely
with temperature, reaching extremely high values at low
temperatures. At 5 K, we estimate about 6000 cm2/Vs
for the ML exciton, closely approached by 4300 cm2/Vs
for the BL exciton. The relaxation times and mobilities
of 2000 and 1400 cm2/Vs for the ML and BL intra-layer
trion are smaller than for the exciton. This disagrees
4FIG. 4. (color online) (a) Lorentzian FWHM (ΓL) for ML
(light red squares) and BL (gray circles) excitonic emission
versus temperature. (b) Exciton optical-phonon-limited mo-
bility for carrier energies K below phonon energy EO versus
temperature.
with our previous results on the radiative lifetime ratio
of trion and exciton, cf. Fig. 2 a+b), hence the mo-
bilities are diffusion-limited rather than lifetime-limited.
The BL shows an even smaller radiative lifetime ratio in
agreement with the smaller γA exciton to trion ratio for
BL. Note that the considerations above yield a mobil-
ity only limited by scattering with acoustical phonons.
This neglects other processes such as impurity scattering
or electron scattering, which can be summed up via the
Mathissen rule [10].
Apart from the acoustical phonons discussed above,
optical phonons play an important role especially at
higher temperatures. Due to small optical phonon ener-
gies in MoTe2 [36] optical phonons are expected to limit
the mobility early on [10]. The total phonon-limited mo-
bility µP is then given by 1/µP = 1/µA + 1/µO, with
µO the optical-phonon-limited mobility. We investigate
the optical phonon limited mobility by analyzing the
Lorentzian linewidth broadening at higher temperatures.
In Fig. 4 a), we plot ΓL over a larger temperature range
than above. From these data, we can extract the en-
ergy of the optical phonons EO by fitting the data with
ΓL(T ) = Γ0+γAT+ΓO[exp(EO/kBT )−1]−1 for ML and
BL MoTe2. Further fitting parameters are discussed in
the SI. The resulting values for EO are (31± 1) meV and
(19±1) meV for ML and BL, respectively. Comparing EO
to the calculated phonon dispersions in Ref. 36, mostly
longitudinal optical (LO) phonons contribute to the ex-
citon phonon coupling, mainly polar and homopolar LO
phonons in case of the ML and polar LO and transver-
sal optical (TO) phonons in case of the BL. Under the
assumption that (i) both LO modes (polar+ homopolar)
correspond to a zero order deformation potential of the
TABLE I. Deformation potentials Dmax and Dmin, acoustical
µA and optical µO phonon limited mobility for ML exciton,
trion, electron, and hole and BL exciton.
Deformation potential and mobility ML
Dmax (eV) Dmin (eV) µA (cm
2/Vs) µO (cm
2/Vs)
X 6.3 4.4 6000 1100
T 8.9 6.2 2000
e 2.6 1.8 61000
h -3.6 -2.6 29000
Deformation potential and mobility BL
Dmax (eV) Dmin (eV) µA (cm
2/Vs) µO (cm
2/Vs)
X 7.5 5.2 4300 250
Tintra 9.6 6.7 1400
wavevector as predicted by Ref. 5 and (ii) TO phonon
modes correspond to a first order deformation poten-
tial D1, however, D1 is much smaller than D0 for the
low and moderate energies we use in this contribution,
we can restrict our estimate to scattering described by
zero order deformation potential D0 theory. Thus, the
optical-phonon-limited mobility can be estimated by [5]
µO =
2e~ρmEO
M2(D0)2
[
1 + e
EO
kBT Θ(K − EO)
]−1
N−10 , (5)
where D0 = 1.34 · 108 eV cm−1 is calculated in Ref. 10,
N0 ∼ kBT/EO is the Bose-Einstein distribution in first
approximation, and Θ(K − EO) is the Heaviside step
function [5], which assures that only excitons with a cer-
tain energy can emit a phonon. Precisely, the equation
above is designed for fermionic particles describing the
mobility of electrons. In MoTe2 electrons and holes have
comparable masses [22], thus, a comparable curvature of
the band structure and group velocity. We thus assume
that exciton as localized electron-hole pair moving in
the lattice experiences comparable movement limitations.
We calculate the mobility for a carrier energy K below
the phonon energy EO, and plot this in Fig. 4 b) ver-
sus temperature. The calculations are limited to excitons
here, as the trion signature disappears at higher tempera-
tures, and the optical phonons interaction becomes signif-
icant only at temperatures above 40 K. For lower carrier
temperatures, we get an extremely high optical-phonon-
limited mobility for K < EO indicating that such ex-
citons are not impaired by optical phonons. For high
temperatures (room temperature) optical phonons limit
the mobility of these low-energy carriers strongly. We can
estimate an upper value of 1100 cm2/Vs and 250 cm2/Vs
for the optical-phonon-limited mobility in ML and BL at
room temperature. Compared to other TMDCs, the ML
displays a high mobility in the room-temperature limit
[5, 9, 10, 35], whereas the BL shows values comparable
to the ML mobility of other members of the TMDC fam-
ily. The deformation potential, acoustical phonon limited
mobility at 5 K and optical phonon limited mobility at
room temperature are summed up in table I.
In conclusion, we have investigated the lineshape of
the photoluminescence of mono- and bilayer MoTe2 over
5a wide range of temperatures up to room temperature.
Both show a bright photoluminescence with two distinct
peaks. The lower energy peak in the emission of the bi-
layer, which has previously only tentatively been assigned
to a negatively charged trion, shows a temperature and
excitation intensity dependence in excellent agreement
with this assumption. The peak is possibly originating
from both an intra- and an inter-layer trion split by 3-4
meV in energy. From the temperature-dependent line-
shapes of the luminescence, we derived deformation po-
tentials and acoustical and optical phonon-limited car-
rier and quasiparticle mobilities in the MoTe2 system.
We find a very high mobility in both ML and BL, mak-
ing MoTe2 the most suited TMDC material for opto-
electronics applications.
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